Introduction
Retrospective studies of mammograms from women who were free of breast disease at the time of imaging have shown that women who subsequently developed breast cancer had higher left-right (L-R) asymmetry in parenchymal patterns compared with those who continued to remain cancer free [1] [2] [3] [4] [5] [6] [7] [8] . In one study, the interval between mammographic L-R asymmetry and tumour presentation was found to range from 0 to 15 years (mean 6.44), suggesting that asymmetry may be an early and sensitive predictor of breast cancer risk [1] . Indeed, mammographic asymmetry is significantly associated with elevated breast cancer incidence even after adjusting for recognized risk factors such as parity, body mass index and age at menarche and menopause [1, 6] . Furthermore, asymmetry outperforms the predictive power of mean parenchymal density, a well-established risk factor that is routinely assessed in standardized breast imaging-reporting and data system (BI-RADS) rating of mammographic images [6, 8, 9 ]. Yet, despite its emerging clinical utility, the origin of parenchymal asymmetry in breasts of healthy females is unknown. Because the absolute value of the asymmetry, but not necessarily the left or right orientation of the asymmetry, is associated with elevated breast cancer risk, it is presumed that parenchymal asymmetry is a random phenomenon caused by fluctuating asymmetry [1, 2] . However, given recent evidence that breast cancer laterality (i.e. the side on which tumors develop) may be heritable [10] , that it may be related to the embryonic processes that establish brain asymmetry [11, 12] , and that mouse mammary glands are molecularly lateralized organs [13] , we have hypothesized an alternative possibility, which is that L-R differences in mammary parenchyma may be driven by developmental disturbances in axial body patterning.
Similar to other paired thoracic tissues and organs, such as muscles, bones, skin (dermis) and cartilage [14] , mammary glands do not develop anatomical asymmetry despite being in close proximity to axial patterning cues that control lateralized development of the heart, lungs and viscera [15] . Studies of somitogenesis in mouse [16] [17] [18] , chick [18] and zebrafish [19, 20] have shed light on how bilateral symmetry is maintained, identifying an essential role for retinoic acid (RA) in blunting the response of paraxial tissue to L-R determinants. If RA synthesis or response to RA are experimentally inhibited, paired somite formation instead proceeds asynchronously, under the guidance of the L-R axis (reveiwed in [14] ). The retinoid requirement in preserving bilateral symmetry is restricted to anterior (thoracic) somites; under conditions of experimental RA attenuation, cervical and posterior somites develop symmetrically owing to spatio-temporal separation from cardiac and visceral L-R patterning events [17] . Similar to mammary glands, both anterior and posterior somites exhibit molecular L-R differences in gene expression that moreover are inverted in a mouse model of situs inversus, suggesting that even in the presence of retinoid activity, paraxial tissue nevertheless retains some degree of L-R responsiveness that is sufficient to establish molecular laterality [21, 22] .
To determine whether bilateral symmetry of the mammary parenchyma is affected by RA perturbation, we used heterozygous retinoid X receptor alpha null (RXRa þ/2 ) mice which develop relatively subtle patterning defects that are compatible with survival (RXRa 2/2 mice are embryonic lethal) [23, 24] . This approach allowed us to probe for L -R differences in postnatal growth and pattern of ductal ( parenchymal) epithelium within individual mammary pairs, as well as to compare sensitivity of thoracic mammary gland (TMG) versus inguinal mammary gland (IMG) morphogenesis to RXRa heterozygosity. Focusing on early puberty, a period when mammary ductal epithelial networks undergo robust proliferative expansion, we found that bilateral ductal symmetry in TMGs (but not IMGs) is compromised in RXRa þ/2 mice. As TMGs model human breast development better than IMGs [25] , these findings raise the possibility that breast asymmetry, and hence future breast cancer risk, may be rooted in subtle axial patterning defects that manifest as L-R asymmetric growth and development of the mammary epithelium.
Material and methods (a) Mice
Wild-type (WT) C57/Bl6 mice were obtained from Harlan. RXRa þ/2 mice were maintained on a C57/Bl6 background during breeding and genotyped as described [24] . Mice were fed Harlan Teklad rodent diet 2918 and provided water ad libitum.
(b) Histology and image collection
Carmine red stained whole mounts were prepared as previously described [26] from #3 and #8 TMGs and #4 and #9 IMGs (see reference [25] for nomenclature) of four-week old mice and were imaged on an Olympus SZX12 stereomicroscope equipped with a Spot camera. Overlapping images of each whole mount were processed into a single composite image with Adobe Photoshop w .
(c) Morphometrics
The colour composite images were converted to 8-bit monochrome images for morphometric and fractal analysis. The mammary ductal network within an image was outlined and isolated from the background tissue and defined as the region of interest (ROI). The isolated image was thresholded using the set threshold subroutine of MetaMorph w image analysis software (v. 6.1). The area (A) and integrated optical density (IOD), also termed 'relative mass', of the networks were measured using the integrated morphometry analysis subroutine of MetaMorph w [15] . The relative density was calculated as IOD/A [15] . Branch points and terminal end buds (TEBs) were quantified by manual counting from the images. The fractal dimension was determined by the box counting method using HarFA software (http://www.fch.vutbr.cz/ lectures/imagesci) applied to the isolated image of the network using the same threshold values [15, 27] .
(d) Statistical analysis
Mammary glands were isolated from WT and RXRa þ/2 mice obtained from at least three different litters. Numbers of mice analysed are indicated in figure legends and differences in morphological values in left versus right and between groups were tested for significant differences by two-tailed paired Student's t-tests, respectively.
Results
Although mammogenesis initiates during mid-gestation, the majority of mammary gland development occurs postnatally, when the embryonically established ductal rudiment expands to occupy the stromal fat pad (reviewed by Inman et al. [28] ). The first major expansion occurs during puberty, when the specialized invasive TEBs undergo bifurcation to form primary branch points. Secondary (side) branches also arise as lateral sprouts, contributing to increased area of the ductal tree. To probe for potential L-R differences in RXRa þ/2 networks, we analysed glands of four-week old mice with the rationale that if asymmetries in epithelial growth and pattern were present, they would be detectable during this phase of rapid development. Ductal networks of TMGs isolated from WT and RXRa þ/2 C57/Bl6 mice were quantified by a highly sensitive fractal and morphometric approach that we previously developed for identifying changes in ductal epithelial morphology during early neoplasia [15] . With this approach, network size is determined by measuring area. This indicates the extent to which the ductal ( parenchymal) epithelium occupies the fat pad, as well as the relative mass, which reflects the amount of cellular material present within the network. Network pattern is evaluated by quantifying TEBs, branch points and relative density, parameters that collectively describe the distribution of cellular material within the network [15] . In addition, a sixth parameter, fractal dimension, is a measure of the complexity, or disorder, of the ductal tree. In drawing comparisons between networks within a pair of glands, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150416 equivalent values are indicative of parenchymal symmetry, while significant differences are indicative of L-R asymmetry. For WT (C57/Bl6) mice, TMG networks measured L -R equivalently in area, branch points, TEBs, relative mass and relative density (figure 1a,d), indicative of near-perfect symmetry. With the exception of fractal dimension, which was slightly but significantly elevated in left glands of WT C57/ Bl6 mice (figure 1d), these results are consistent with those previously obtained with WT FVB/N mice [13, 15] . The reason for the difference in fractal dimension between C57/Bl6 and FVB/N mice is not certain, but it likely relates to the non-stereotypical nature of mammary branching, which varies not only among individual mice, but also amongst glands in different A-P locations within a given mouse [29, 30] . Because branching morphogenesis is controlled by ovarian hormones and other paracrine signals within the stromal fat pad [28, 31, 32] , this result suggests that some microenvironmental differences may exist between these two strains. Consistent with this possibility, non-autonomous, strain-specific variations in mouse mammary ductal architecture have been reported based on recombinant donor -host epithelial cell-fat pad transplantations performed with C3H, Balb/c, C57/6 J and 129 mice [33, 34] .
Unlike the robust symmetry that was found in WT TMGs, approximately half (42%, n ¼ 12) of the TMGs isolated from RXRa þ/2 mice had network pairs with overt asymmetry (figure 1b), with the other pairs appearing symmetric (figure 1c). Because of these obvious differences, the RXRa þ/2 TMGs were analysed as two separate groups. For the asymmetric pairs (group 1), left-side networks appeared smaller than those on the right, and morphometrics confirmed L-R differences not only in area, but also in TEBs, branch points and relative mass (figure 1e). However, no L-R differences were present in fractal dimension or relative density (figure 1e). The left-side networks from group 1 were also significantly different from those in side-matched (i.e. left-side) WT glands, with decreased area, branch points and fractal dimension (figure 2a). The left-side networks in group 1 also had increased relative density compared with WT, a parameter whose increase is associated with thicker ductal wall structure rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150416 that occurs during ductal hyperplasia [15] . By comparison, right-side networks in group 1 differed from WT in only a single parameter: increased relative density (figure 2b). Together, these results demonstrate that mammary parenchyma is affected by RXRa þ/2 heterozygosity, with defects in left-side networks being the predominant cause of the pairwise L-R asymmetry.
Analysis of the other RXRa þ/2 TMG pairs (group 2)
showed that all morphometric parameters were L-R equivalent, confirming the presence of bilateral symmetry ( figure 1f) . When compared to WT, networks on both sides were larger, with bilaterally increased relative mass and relative density ( figure 2a,b) . In addition, left-but not right-side networks showed increased area and TEBs relative to side-matched WT (figure 2a), owing to small but significantly higher variability in left-versus right-side glands. Changes in branch points or fractal dimension were not detected in L-R pairs nor in sidematched comparisons with WT glands ( figure 2a,b) . Together, these results and those above demonstrate that RXRa heterozygosity causes two distinct TMG phenotypes of equal penetrance: L-R asymmetry that is associated with decreased network size in left-side glands, and bilateral symmetry that is associated with increased network size that is slightly more variable in left-side glands.
To determine whether there are A-P differences in mammary glands of RXRa þ/2 mice, posteriorly located IMGs were also analysed. In IMGs of WT mice, ductal networks measured L-R equivalently for all morphological parameters (figure 3a,c), indicating that similar to TMGs, IMG pairs are highly symmetric in parenchymal size and pattern. In RXRa þ/2 mice, IMG network pairs were also bilaterally symmetric in all parameters examined ( figure 3b,d) . When compared to side-matched WT, the RXRa þ/2 IMG networks showed bilaterally increased area and branch points, without changes in other aspects of growth and pattern ( figure 4a,b) . Thus, in more posteriorly located glands, RXRa þ/2 heterozygosity is associated with increased network size but is not associated with disruption of bilateral symmetry.
Discussion
RA signalling is mediated by two subfamilies of nuclear retinoid receptors: the RA receptor (RAR) subfamily, which comprises RARa, RARb and RARg, and the RXR subfamily, which comprises RXRa, RXRb and RXRg. RARs must heterodimerize with members of the RXR subfamily to regulate transcriptional activity of target genes, whereas RXRs can function in the absence of RARs, binding DNA as homodimers (reviewed by Das et al. [35] ). Thus, RXR receptors represent the common dimer partner for the family of retinoid receptors and play a critical central role in retinoid signalling. In comparing mammary glands from WT and RXRa
mice, we found that RXRa deficiency is associated with defects in mammary ductal growth and pattern. The range of phenotypes present in RXRa þ/2 mammary glands appears to parallel the asynchronous somite phenotypes reported in mouse models of RA attenuation. For example, in mice with a homozygous null mutation in retinaldehyde dehydrogenase-2 (Raldh2), an enzyme that catalyses RA synthesis, cervical somites were reported to be smaller than those in WT mice [17] . In addition, a significant number of Raldh2 2/2 somite pairs exhibited L-R asymmetry with delayed right-side somitogenesis [17] . It is notable that the somite asymmetry was not fully penetrant, reaching only a maximum of 38% incidence in the vicinity in which TMGs develop ( figure 5 ). This is similar to the incomplete penetrance (42%) of the asymmetry defect we observed in TMGs of RXRa þ/2 mice. Whether there are also size differences in the asynchronous somite pairs that may be analogous to the increased size of the other (symmetric) TMG networks cannot be determined, as somite synchrony was tracked by expression of Uncx4.1, which marks only the posterior portion of the somite [17] . For somites located in the inguinal region, their bilateral symmetry was demonstrated to be refractory to RA perturbation [17] , and we observed a similar effect in ductal networks of IMGs, which develop in the same vicinity (figure 5). The mechanism by which RA is involved in maintaining symmetry of anterior somite development is not well defined. It has been proposed that RA somehow 'buffers' paraxial tissues from effects of L-R determinants such as nodal that emanate from the midline and traverse the paraxial mesoderm to instruct L-R development of the heart, lungs and viscera (reviewed by Brend & Holley [14] ). Because inhibiting RA synthesis or RA response does not alter expression of nodal or other known L-R determinants, it appears that symmetry is not the default state of somites, but rather that it must be actively patterned by RA (and likely other yet to be identified signals) that shield the paraxial mesoderm from underlying L-R patterning cues.
In the mammary gland, there are several potential means by which RA might affect growth and bilateral symmetry of ductal networks. First, RA might blunt mammary responsiveness to L -R determinants within the thoracic region, similar to its role in preserving somite symmetry. Consistent with this possibility, ductal epithelial growth and pattern is altered by ectopic Nodal [36] , suggesting the existence of a rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150416 mechanism that ordinarily prevents mammary tissues from responding as Nodal crosses through the paraxial and intermediate mesoderm to reach the lateral plate. Second, RA might also affect mammary ductal epithelial growth and pattern indirectly, via effects on the somites. Somites initiate mammary development, serving as a source of signals such as Fgf10 [37] and other factors that are required for induction of mammary placode formation (reviewed by Robinson [38] ). As indicated above, the TMGs and IMGs are located adjacent to somite pairs that have differential sensitivity to RA perturbation. Thus, thoracic somites that develop asynchronously in RA-deficient mice may be compromised in their inductive properties and/or convey erroneous patterning information during mammogenesis. Third, given the changes in ductal network size that are present in both TMGs and IMGs of RXRa þ/2 mice, it is possible that RA may have direct effects by altering expression of genes that modulate mammary epithelial morphogenesis. In the mouse, RXRa is expressed by the mammary ductal epithelium [39] and RA signalling has been shown to regulate expression of genes and proteins with known roles in mammary epithelial cell proliferation and differentiation, including but not limited to ErbB2, Fgf8, Shh, Bmp4 and Tbx3 [40, 41] . While future molecular studies are needed to investigate this in the context of mammary laterality, we note that consistent with this possibility, analysis of RARa heterozygous null mice [42, 43] and a transgenic dominant-negative RARa mouse model [43] has suggested a role for cell autonomous RA activity in mammary ductal branching morphogenesis.
As it remains to be determined how the RA pathway mechanistically affects ductal morphogenesis, the directionally oriented loss of bilateral symmetry in RXRa þ/2 TMG networks plus the absence of this defect in WT glands nevertheless suggests that the asymmetry defect is actively patterned during mammary development. This differs from fluctuating asymmetry, a process by which minor deviations from perfect symmetry stochastically arise during normal growth. Thus, one important implication of our results is that mammary asymmetry, and hence breast cancer risk, may be attributable to disturbances in axial patterning, which even if subtle, may become amplified as the ductal network undergoes cycles of growth and expansion over the reproductive lifespan. The concept that breast cancer may be a disease of developmental origin is not new, as genetic, hormonal and other environmental perturbations of ductal architecture during puberty or other periods of growth are known to elevate risk of mammary carcinoma formation (reviewed in [44 -48] ). One such environmental perturbation is ionizing radiation, a causative factor that is dose-dependent and particularly harmful if exposure occurs during adolescence [49] . Interestingly, one group of girls who undergo frequent X-ray examination during childhood and adolescence are those who have scoliosis, a spinal deformity whose etiology is rooted in abnormal somitogenesis and perhaps also vitamin A (retinoid) deficiency [50, 51] . Girls with scoliosis typically also have some degree of anatomical breast asymmetry [52 -54] as well as a 68 -70% increased incidence of breast cancer later in life [55, 56] . Although X-ray exposure undoubtedly plays a causative role in elevated breast cancer incidence, other malignancies associated with radiation exposure such as lung cancer, thyroid cancer or leukaemia are not increased in this same population [56] , suggesting that radiation exposure may not be the sole cause. One possibility is that breast asymmetry itself may cause heightened susceptibility to neoplasia even before radiation exposure occurs. Consistent with this idea, it may be relevant that the phenotypes of RXRa þ/2 networks, particularly those showing L -R asymmetry (group 1), share similarities with, but are not identical to, the ductal phenotypes we previously reported for the MMTV-cNeu breast cancer mouse model [15] . Although asymmetric TMG RXRa þ/2 networks are hyperplastic and appear to resemble the asymmetric networks in TMGs of MMTV-cNeu mice, there are additional parameters that are altered in MMTV-cNeu but absent in RXRa þ/2 networks. These include decreased TEBs, increased relative mass and increased fractal dimension, indicating increased aberrancy in size, overall pattern and cellular organization [15] . Thus, the ductal hyperplasia in asymmetric RXRa þ/2 networks may heighten neoplastic susceptibility by initiating changes in ductal cellular growth that accelerate or otherwise facilitate increased tissue disorganization during oncogenic transformation. In this regard, perturbation of the RA pathway would be one of several potential inroads in establishing parenchymal asymmetry; mutations or altered epigenetic regulation of any pathways involved in either A-P or L-R axial patterning would likewise be expected to drive loss of symmetry, setting the stage for increased neoplastic risk.
Conclusion
In summary, our results indicate that mammary ductal size and symmetry are altered in RXRa þ/2 mice, suggesting that L-R differences in mammary parenchyma can be elicited by subtle perturbation of axial body patterning. Because the mammary glands undergo multiple cycles of growth (e.g. during estrus, pregnancy and lactation), it is likely that L -R differences in ductal architecture persist-and indeed may even become amplified-over the course of the reproductive lifespan. We therefore propose that the regulation of bilateral ductal symmetry is important not only for normal mammary development, but also for reducing risk of mammary neoplasia. As the majority of mammary ductal morphogenesis occurs postnatally and retinoids are of clinical interest as preventive agents in breast oncogenesis (reviewed by Garattini et al. [57] ), RA pathway-mediated preservation of mammary ductal symmetry may also play an important role in reducing breast cancer susceptibility. 
